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Electroweak, strong, and horizontal interactions are unified in a simple group with an anomaly-free
representation which does not include mirror fermions or exotic quarks. *1 charged, and neutral exotic
leptons are needed in the model, but they acquire heavy masses as a consequence of the survival hy-
pothesis, and also mix with the known leptons producing seesaw and universal seesaw mechanisms in a
natural way. Masses for fermions in the third family arise at the tree level via a BCS (flavor-democracy)
mass matrix. Masses for other known quarks and leptons can be generated by radiative corrections.

I. INTRODUCTION

One of the major theoretical puzzles in particle physics
nowadays is the so-called flavor problem which is the col-
lection of at least three related problems. The first one is
the fermion mass hierarchy problem which has several
aspects; namely the smallness of the neutrino masses
compared with the other known fermions; the three or-
ders of magnitude between the known charged leptons;
the five (or more) orders of magnitude between the elec-
tron, the lightest charged fermion, and the yet to be
discovered ¢ quark; the large isospin splitting in the #-b
system; etc. The second is the family problem, which is
the lack of information about the total number of families
in nature. The third problem is the lack of explanation
for the small values of the mixing angles of the elementa-
ry fermions (where the Cabibbo-Kobayashi-Maskawa an-
gles are only one sector of them).

The standard model (SM) defined by the
SU@3),®SUR);, ®U(1)y local gauge group for strong and
electroweak interactions does not provide information
about these problems. So, any explanation for them
should imply physics beyond the SM.

It has been established in the context of the SM that
the constraints from high-precision charged- and
neutral-current experiments are enough to directly estab-
lish the canonical (left-handed doublet, right-handed
singlet) assignments for the three families of fermions [1],
implying in particular the existence of the top quark and
of v_. There is also experimental evidence that a fourth
light neutrino is ruled out [2] which probably means that
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there are only three generations of quarks and leptons
(three families). These two experimental facts constitute
our basic scenario, together with the widely accepted hy-
pothesis that known quarks have fractional electric
charges 2/3 (up sector) and —1/3 (down sector); and that
SU@B).®U(1)y, where U(1), stands for the quantum elec-
trodynamics Abelian factor, is an exact symmetry in na-
ture.

There are many ideas in the literature based upon the
former constraints which try to solve the flavor problem
regarding new physics. For example, compositeness may
be an explanation, or perhaps one should look for residu-
al effects (radiative corrections) of theories such as ex-
tended technicolor, grand unified theories (GUT’s), su-
persymmetry, etc.

In what follows we present in detail the analysis we
have done on a new model proposed recently [3] based
upon the ideas of the grand unification of flavors and
forces; we especially focus on the particular version of the
model which points toward the solution of the flavor
problem. Even though our model may find its deepest
roots in the three-family extension of the Pati-Salam
model [4,5] (which was one inspiration of the present
work), it has substantial differences with its ancestor and
it exceeds it in several aspects. The most outstanding
difference between the two models is the fact that, con-
trary to the Pati-Salam-type models, the model presented
here does not need mirror fermions in order to be renor-
malizable. We elaborate more on these differences in the
following section and in Appendix A.

The rest of the paper is as follows. In Sec. II we
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present the model (the local gauge group and its fermion-
ic content) and calculate the Weinberg angle at the GUT
scale. In Sec. III we break the original symmetry down
to SU@B).®U(1),. In Sec. IV we present our analysis for
the fermion masses in the context of the model. Our con-
clusions are presented in Sec. V. Several appendixes at
the end of the paper deal with technical details implicit in
the main text.

II. THE MODEL

A. The gauge group

We use G =SU(6), ®SU(6),®SU(6)g XZ; as the gauge
group which unifies nongravitational interactions with
families [3], where ® indicates a direct product, X a sem-
idirect one, and Z;=( 1,P,P?) is the three-element cyclic
group acting upon [SU(6)]* such that if (4,B,C) is a rep-
resentation of [SU(6)]® with A4 a representation of the first
factor, B of the second and C of the third,
P(A,B,C)=(B,C,A) and then Z5(A,B,C)
=(A4,B,C)+(B,C,A)+(C, A,B) is a singlet under Z;.
G is then simple, and it is characterized by one single
gauge coupling constant g.

SU(6), is the color group which consists of three ha-
dronic and three leptonic colors. SU(6), is broken down
to SU(3)C®U(1)Y(37L), where U(l)y(B_L) is defined below,

through the chain
SU(6)C——>SU(4)C®SU(2)’—>SU(3)C®U(l)y(B*L) , (1)

where SU4), is a vectorlike four color gauge group [the
same one which appears as a subgroup in GUT SO(10)]
and SU(2)' is a subgroup which appears in an intermedi-
ate step. T, the diagonal generator of SU(2)’, comple-
ments the role of (B—L)&ESU(4), algebra, in order to
define a new baryon —lepton number in SU(6),:

Y(B_L):(B—L)+2Té . (2)

Yg—r) in the fundamental representation of SU(6), is
then given by a 6X6 diagonal matrix with entries
diag(1/3,1/3,1/3,—1,1,—1).

We may write the 35 gauge fields of SU(6), in the fol-
lowing way:

1
277 a Q#B ‘/2

Aoy Aoy T 3hys Ass

AGGE + 10 A+ ihgdg+ 1IN 54 s

D! G} G} X, Y, Z,
G? p* G} X, Y, Z,
3
1

1 (@ G} D* X, ¥, Z,
~ 32 |x, x, X, D* Py P°|’ (3)
Y, Y, Y, Pl D’ PF

zZ, Z, z, P° P; D¢

where A;, i =3,5,8,15,24,35 are the diagonal generators
of SU(6),
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A;=diag(1,—1,0,0,0,0),
Ag=diag(1,1,—2,0,0,0)/V 3,
As=diag(1,1,1,—3,0,0)/V6 ,
Ayy=diag(1,1,1,1,—4,0)/V'10,
Ays=diag(1,1,1,1,1,—5)/V15 ,
and
(AB)ij = 8aiBp; -
The diagonal entries in Eq. (3) are
D'=G{+By, , /V30+By/V20+By./V12
for i=1,2,3,
D“‘—'~3BY“3_L)/\/?(—)—3BY'/\/_2_O+BY':/\/T§ ,

D*=3By /V30—2By/V20—2By./V12,
D®=—3By  /V30+By/V5—By./V3,

where Byw_u is the gauge boson associated with the hy-

percharge Y 3 _;,, and By and By are two gauge bosons
associated with U(l) factors in SU(6), but not in
SU(3)¢®U(1)Y(B,L)- In the right-hand side of Eq. (3) we

have renamed most of the gauge fields. G} fori,j=1,2,3
are the SU(3), gauge bosons, X;, Y; and Z; are lepto-
quarks gauge bosons with electrical charges —2/3,1/3,
and —2/3, respectively; Pﬂi,a =1,2 and P° are (complex)
dilepton gauge bosons with electrical charges as indicat-
ed. The role of these gauge fields will become obvious
when we display the fermion content in the next subsec-
tion. The generators A, of SU(6) are normalized to
trA,Ag=2. The SU(3). gauge coupling constant is g; =g.
Notice that our color group SU(6), is vectorlike, con-
trary to the three-family extension of the Pati-Salam
model [5] where the color group is the chiral one,
SU6),,®SU(6).x. Even though SU(6). CSU(®6),,
®SU(6).z, this difference has important consequences as
we will see in what follows.
SU(6)L®SU(6)R®U(1)YUP

G scale, the gauge group which unifies electroweak and
horizontal interactions for three families of quarks and
leptons. This group is the left-right-symmetric extension
of the SU(6);, ® U(1)y family unification group [6].

The horizontal interactions arise from a chiral gauge
group Gy ® Gyr which, at an intermediate step we take
to be either SU(3);; ® SUB)yg or SUQR)y,; ®SUR)pg. In
the first case the families are in the fundamental represen-
tation of Gy, ®Gyr and the embedding of
is a special maximal [7] one. In the second case the fami-
lies are in the adjoint representation of Gy ® Gyr and
the embedding of SU(2), ®SU(2)y, ® SUR),®SUQ2)yr
into SU(6), ® SU(6); is a special, not maximal one. In
both cases the interactions mediated by the gauge fields
Wi and W}, associated with the generators of SU(2), and
SU(2)g are universal, i.e., family independent.

o is postulated to be, at the
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The 35 SU(6), (g, generators may be written in an
SUQ), (g ®SUB) g xr) basis, which shows explicitly the
universality of SU(2); (g):

0,®1;/V3, I,er;/V2, o,®\/V2, 4)

where o,;, i=1,2,3 are the Pauli matrices, kj,
j=12,...,8, are the SU(3) matrices in the Gell-Mann
basis, and I, and I are the 2X2 and 3 X3 unit matrices,
respectively. g,; and g,z, the gauge coupling constants
for SU(2), and SU(2)g, respectively, are given by
8,1 =82r =g /V 3 (see Appendix B).

From Eq. (4) we read immediately the SU(2), g, and
SUQB)yz (mr) diagonal generators, elements of SU(6); g);
they are

T,=diag(1,—1,1,—1,1,—1)/2V3 ,

T,=diag(1,1,—1,—1,0,0)/2V2 ,
Ty =diag(1,1,1,1,—2,—2)/2V6 .

The special maximal embedding of SU(Q2),; CSU(3) is
achieved by using as generators of SU(2); the set
(A +RA6)/2,(Ay+2A45) /2, and (A;+V'3X4/2). We could
also use the rotated set (A,,As,A,), or any other appropri-
ate set of generators. The diagonal generators for
SUR),zy and SUQ)y, (gg) are T, as above and
Ty, =diag(1,1,0,0,—1,—1)/2V2.

A few branching rules for SU(6)—SU(2)®SU@Q3)y,

J

—1/3 —1/3 1/3
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—SU(2)® SU(2)y irreducible representations (irreps) are
(6)—(2,3)—(2,3),
(15)—(1,6)®(3,3)—(1, e (1,58(3,3) ,
(21)—(3,6)8(1,3)—(3,)a&(3,5)®(1,3) ,
(35)—(3, e (1,8)®(3,8)

—(3, D& (1,3)e(1,5)a(3,3)8(3,5) ,

where (n,m) refers to (SU(2), ,SU(3)y; yg) irreps for
the first descendent step, and to (SU(2); z,SU(2)y; yr)
for the second one.
The electric charge operator in the context of this
model is
Q=Tz +Tgr+5Y 51, (5)

which is seen to acquire components from the three SU(6)
factors in G.

B. The fermionic content

The ordinary (known) fermions in our model are in-
cluded in

¥(108)=Z,1(6,1,6);, =1(6,1,6), +1(1,6,6); +1(6,6,1),

with the particle content

where the rows (columns) represent color (flavor) degrees of freedom,

q;,1/3 q;,—2/3 qg,l/.’; q£,~2/3 q§,1/3

q)]1,1/3 q}lz,—2/3 q¥,1/3 q{,—2/3 q§,1/3

B qll7,l/3 qlln,—2/3 qg,l/S qg,—2/3 qg,l/S
AL D T BD-  F
st Ly sy Ly oSS
T Ny TS N T

r,—2/3
3
»—2/3
3

b,—2/3
3

where now the rows (columns) represent flavor (color) de-
grees of freedom. (6,1,6), represents 36 exotic Weyl
leptons, 9 with positive electric charges, 9 with negative
(the charge conjugated to the positive ones) and 18 are
neutrals. As a matter of convention we have put in
¥(1,6,6), the fields charge conjugated for the electrical
charged fields in 4(6,6,1); but not for the neutral ones

F§ ’
Ly
NS L

[

due to the possible existence of Majorana fields. To be
precise, the charge-conjugated fields should be identified
only at the end, when the mass matrices get diagonalized.

As can be seen, 1¥(108) does not contain exotic quarks.
The known leptons (v,,e ~,v,,u~,v,, 7~ ) and the known
quarks (u,d,c,s,t,b) are linear combinations of the lep-
tons and quarks in 4(6,6,1); +14(1,6,6),, but cannot be
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pinpointed from the beginning, because above the
unification scale all fermions (known and exotic) look
alike, except for their electric charges.

For further reference let us write the quantum numbers
for ¥(6,6,1); and 1(1,6,6), with respect to the SM
group. For (6,6,1); they are 3(3,2,1/3)®3(1,2,—1)
®3(1,2,1)®3(1,2,—1), while for %(1,6,6);
they are 3(3,1,—4/3)®3(3,1,2/3)®6(1,1,2)9(1,1,0)
®3(1,1—2), where the numbers between
brackets label the (SU(3),,SU(2);,U(1)y) irreps. As can
be seen, the exotic leptons in (6,6,1); +14(1,6,6),,
which are left over after the ordinary ones are defined as
certain linear combinations of E’s and T’s, can be ar-
ranged as vectorlike representations of SU(2);, ® U(1)y.
Also, for completeness, the SU(2)L®SU(2)R®U(1)Y(87

content of the exotic leptons in #(6,1,6); is 9(2,2,0).

Notice that the representation (108) is free of
anomalies. As a matter of fact the sector %(6,1,6),
demanded by the Z; symmetry cancels the anomalies
arising from the fermions in (6,6,1); +4(1,6,6),
without the introduction of mirror fermions. This way of
canceling the anomalies makes a conspicuous difference
between our model and the three-family extension of the
Pati-Salam one [4,5]. Not only the new sector #(6,1,6)
avoids the introduction of mirror fermions, but it mixes
in a natural way with the ordinary leptons, producing
seesaw mechanisms [8,9]. That is, the heavy particles
needed for generating the seesaw mechanism [8] and the
universal seesaw mechanism [9] are present as a conse-
quence of the symmetries of the model. Furthermore, as
we will see later, the mixing of the several leptons in
1(108) is also natural. (By natural we mean that the mix-
ings are produced by the minimal Higgs sector required
to break the symmetries present in G.)

L)

C. The Weinberg angle

Since G is simple, the Weinberg angle can be calculat-
ed. For a simple group the Weinberg angle at the
unification scale M is given by [10]

sin®0 (M )=tr(T2; ) /tr(Q?) , ®)

where the traces can be computed using any representa-
tion (irreducible or not) of the simple group. In this way
the Weinberg angle is well defined and is a unique value
for the entire group, independent of a particular repre-
sentation.

When we calculate the traces for (108) we get the

i

Gsp—SP(6),®SU(3).®U(1)y = @SP(6)g

—SU(3),48SU(2),8SU(3).8U(1)y |
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value sin’0y,(M)=9/23. This value that represents the
Weinberg angle for G can be double checked by calculat-
ing the traces for ¥(18)=2Z,1(1,1,6) (an unphysical sec-
tor) or either for ¥(105)=Z;¥(1,1,35), the gauge-boson
sector. In Appendix B we rederive this value in a
different way.

If the gauge group is not simple, then the Weinberg an-
gle cannot be calculated at all. If we start with a sem-
isimple group, product of equal factors, and make it sim-
ple by the introduction of one appropriate discrete sym-
metry, then the Weinberg angle should be calculated us-
ing any representation of the simple group and it is
wrong to calculate it with a particular representation of
the semisimple group which is not completely reducible
to irreps of the simple one. For example, in our case, the
traces calculated with (6,6,1); +(1,6,6), give the
value 9/28 which is not related to the Weinberg angle for
G. As we show in Appendix A, this last value is related
to the three-family extension of the Pati-Salam model.

At this point we may emphasize this difference between
our model and the three-family extension of the Pati-
Salam model. In the last one sin?0,,(M)=9/28 at the
GUT scale [5], a value slightly smaller than in the present
model. This difference will obviously manifest itself in
the comparison of the phenomenology of these two mod-
els (e.g., the proton lifetime).

III. THE STAGES OF SYMMETRY BREAKING

Our next step is to break the symmetry and give
masses to the particles in this model. We assume that
this is done by the introduction of appropriate elementa-
ry Higgs scalars, which trigger the spontaneous breaking
of the symmetry.

Our goal is to break the symmetry G down to
SUB),®U(1)g. Our analysis suggests the symmetry-
breaking chain

M
G—>Ggp(=SP(6), ®SU(4)-®SU(2)®SP(6) )

I
—>SU(3)C®SU(2)L®SU(2)R®U(l)y(B_L)
MR

—SU(3),®SU(2),®U(1)y

My

—SU(3),8U(1), ,

where SP(6) stands for the simplectic group of dimension
6. Other intermediate steps such as

_,,®SU3)z8SU2),

—SU(2),48SU(2),8SU(3),8U(1)y . @SU(2)4z8SU(2);
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can also be included, suggesting the existence of a cas-
cade decay of G.

The hierarchy M 2 M'> My >M,; ~ 10?> GeV’s, com-
bined with the renormalization-group equations for this
multistage descendant [four or more stages compared
with two for SU(5) or three for SO(10)] is enough to cope
with experimental results such as proton stability, the
value for sin’0y (M, ), suppression of flavor-changing
neutral currents, etc. Precise values for M,M’', My, and
sin0 (M, ) are hard to pin down due to the multistage
descendant and the fairly extensive particle spectrum
around the GUT scale. In order to assure consistency
with low-energy phenomenology we should assume
My 210 TeV’s.

Even though there are many possible ways to break G
down to SU(3).®U(1),, we will base our approach in two
assumptions. (i) We use only Higgs bosons which devel-
op vacuum expectation values (VEV’s) and also couple,
via Yukawa-type terms, to ¥(108), the fermionic repre-
sentation in the model. In this way we break the symme-
try and give masses to the particles at the same time. (ii)
Once condition (i) is satisfied, we look for the most
economical and simplest possible combination of Higgs
scalars and VEV’s. These two assumptions produce what
we call the minimal version of the model.

Now we outline the stages of the symmetry breaking.
First we use {$,) =M, where

b,=6¢,(675)=2Z,¢,(15,1,15)

:¢1([a’b]’l’[A,B])
+¢1(1)[a’B]’[A7B])

+¢1([a7b]’[a73],1) . (9)

a,b,c,...;A4,B,C,...;a,B,y. .. refer to SU6),, SU(6)g,
and SU(6), tensor indices respectively, and [.. ] stands for
antisymmetric permutation of the indices inside the
brackets. The VEV’s in ¢, are in the directions
[a,b]=[1,6]=—[2,5]==[3,4], [ 4,B] similar to [a,b]
and [a,B] =[5,6].

(¢,) breaks G down to Ggp, suggesting
SP(6), ®SP(6),®U(1) 5 ;) as the group which unifies
horizontal and electroweak interactions [11] at the scale
M'.

Next let {¢,) =M’, where

b, =¢,(675)=2Z,¢,(15,1,15)

:¢2([a7b ],17[A1B])
+¢2(17[a,B]’[A’B ])
+¢2([a7b]>[aaﬁ]yl) (10)

with VEV’s in the directions [a,b]=[1,2]=][3,6]
=—[4,5], [ A4,B] similar to [a,b ] and [a,B] =[4,5].

Now (¢,) breaks Ggp down to SU(2),
®SU(3)C®U(1)Y(B_L)®SU(2)R. Therefore the net effect
of {(¢,;)+{$,) is to break G down to the left-right-
symmetric extension of the SM.

As mentioned before the Higgs bosons and VEV’s de-
scribed above constitute the most economical and sim-
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plest way to break G down to the left-right-symmetric ex-
tension of the SM. Taking a detour we can see, for exam-
ple, that the intermediate step SU(2),,®SU(2),
®SU@3).®U(1) Yiro0,® SU(2) ;g ®SU(2);, can be reached

by the introduction of new scalars ¢, instead of ¢,, where
(Ref. [6]) ¢5=¢5(315)=2Z,¢5(105,1,1).

Moreover, using only ¢+ ¢, there are several, more
complicated ways to reach the left-right extension of the
SM. Taking, for example, [a,8]=[4,5]=[5,6] in both
steps above achieves the same breaking, but gives
different masses (and mixing) to the gauge bosons associ-
ated with the broken generators. That we can orient the
vacuum in a particular direction in order to break G in
the simplest way possible is due to the freedom we have
arising from the horizontal symmetry available.

The next step is to break SU(2)R®U(1)Y(87L) down to

U(1)y at an energy scale My (see Appendix C). Follow-
ing our assumptions (i) and (ii) we do it by using

¢3=¢3(675):Z3¢3(E,1, 15)

=¢5([a,b],1,[ 4,B])

+¢3(1’[a73]7[A’B])

+¢s([a,b],[a,B],1), (1)

where we take the VEV’s in the most general direction
available, without breaking SU(3),® SU(2), ® U(1)y, as
demanded by low-energy phenomenology. That is, we
take

<¢3([a’b]’1’[A,B])):<¢3([a’b]’[a’B]’1)>:0
and

(65(1,[a,B],[4,B])) =M

for [a,B]=[4,6]and [ 4,B]=[2,4]1=[2,6]=[4,6].

As we will see in the following section, the Higgs boson
and VEV’s introduced so far produce masses for all the
exotic fermions in the model. That is, when the breaking
of G down to SU(3),® SU(2); ® U(1)y is done, the follow-
ing particles remain massless: the six quarks, three Dirac
charged leptons and three Weyl neutral leptons. Those
states are identified as the ordinary fermions.

The final stage of the breaking SU(3).®SU(2),
®U(1)y —SU@3),®U(1)y, is achieved by using scalars be-
longing to ¢,=@,(108)=2Z,4,(1,6,6). As we will see in
detail in the following section there are 36 different direc-
tions for the VEV’s in {¢,), and in principle, we should
take all of them as independent parameters due to the
fact that we do not have the freedom to align the vacuum
at the last step of the breaking.

As it is clear from the branching rules at the end of
Sec. IT A, ¢, contains only SU(2); doublets and singlets,
and it plays the equivalent role of the ordinary Higgs
doublet in the standard model.

Finally, let us mention that the Z, symmetry is broken
by the VEV’s of the Higgs scalars at the first step of the
symmetry breaking.
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IV. MASSES FOR FERMIONS

A. Masses for exotics

The Higgs bosons ¢+ ¢,+ ¢, allow for the following
G-invariant Yukawa coupling terms:

—_ _ 3 —_—
Z41(6,1,6)1(6,1,6) S h;6,(15,1,15) (12)

i=1

where naturalness demands that 4;, i=1,2,3 be of the
same order and not very small to avoid fine-tuning. Let
us analyze the mass terms in Eq. (12) generated by the
VEV’s introduced in Sec. III (see also Appendix D).

A close look to the mass matrices produced by
(¢,)+(¢,) in Eq. (12) reveals the following.

(i) All the exotic (charged and neutrals) leptons in
¥(6,1,6), get superheavy masses of order M.

(i) There is no mixing between the leptons in
¥(6,1,6), and the leptons in $(6,6,1); +(1,6,6);.

(iii) The 9X9 mass matrix for the charged leptons in
¥(6,6,1 ) T 1,3,6)L has rank six. That is, three linear
combinations of the charged leptons in (6) and (7) remain
massless. We identify them as the known charged lep-
tons.

(iv) The 18 X 18 mass matrix for the neutral leptons in
%(6,6,1 )+ 1,3,6)L has rank twelve. That is, six mass-
less Weyl states related to three Dirac neutrinos remain
massless.

(v) The six quarks remain massless.

(vi) All the masses generated by (¢;)+(¢,) are
AT, =0 Dirac-type masses, where I, stands for the weak
isospin related to SU(2), .

These facts are just the remarkable way how the sur-
vival hypothesis [12] works in the context of this specific
model. So the masslessness of ordinary fermions is relat-
ed to the fact that the left-right-symmetric extension of
the SM is a chiral model which is not broken by
(¢,)+(o,).

The massless leptons produced by (¢,)+{¢,) in the
notation of Egs. (6) and (7) are the following.

(a) Massless charged leptons. (VE;+V'T3)/v;
(VE,—V'T,)/v; (VE,+V'T1)/v; where V=Mh,,

V'=M'h,, and v=V (V24 ¥'2). Notice that their left-
handed components belong to 1(6,6,1);, so they are
members of SU(2); doublets, meanwhile their right-
handed components belong to (1,6,6);, so they are
SU(2); singlets, members of SU(2)z doublets. Because of
this the three states above define a basis for the physical
states (e,u,7). The six massive charged states orthogonal
to the massless ones above have masses equal to v. A de-
tailed discussion of this paragraph is presented in Appen-
dix D.

(b) Massless neutral leptons. (VE{+V'TY)/v;
(VES—V'T9)/v; (VES+V'TY)/v; (VF{+V'NY)/v;
(VF—V'N9)/v; and (VF3+V'NY)/v. Where again the
first three are members of SU(2); doublets and they
define a basis for (v,,v,,v,),, meanwhile the last three
are SU(2), singlets, members of SU(2); doublets, so they
define a basis for (v,v,,v7).. Again, the twelve massive
Weyl states all have masses equal to v and pair to form
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Dirac masses.

Turning to the mass terms produced by (¢, ), the alge-
bra shows that they generate only Majorana masses for
the neutral states in ¥(1,6,6); (where Ve L,V L,Ve L are).
That is, {¢;) produces Majorana masses of order M for
the three right-handed neutrinos. So, the 18X 18 mass
matrix produced by (¢,) +{¢,) +(d;) has rank fifteen,
where we identify the eigenvectors of the three zero ei-
genvalues as a basis for the physical Weyl states

(Ve, ViV )L -

B. The VEV’s of ¢,

As mentioned in Sec. III the final step of the breaking
is achieved by using scalars ¢,=¢,(108)=2Z;4,(1,6,6)
=¢4(1,6,6)+¢,(6,6,1)+¢,(6,1,6). By arranging ¢, as
three 6 X 6 matrices, their VEV’s are in the directions

K, 0 K; 0O K5 O
0 Ky 0 Ky 0 Ky
K;;, 0 K;; 0 Ky O
(¢4(6’1’8)>: 0 Ky 0 Ky 0 Ky |’ (13)
K;;, 0 Ks; 0O Ks5 O
0 Kgp 0 Koy 0 Kg
000 0 Kjs O
000 Kj) O Kb
~ 000 O Kj% O
($,(6,6,1)) = 000Ky 0 Kil (14)
000 O Ki O
0 00 Kiy O Ki
0 0 0O 0 0 ©
0O 0 0O 0 0 ©
_ 0O 0 0O O 0 O
($4(1,6,6)) = 0 KL 0 KIL 0 K|’ (15)

Ky, 0 K{ 0 Ki 0
0 Ki, 0 Ki 0 Ki

where we have 36 independent parameters, in principle
all of them different. Any information about those pa-
rameters should come from the Higgs potential.

We realize that to minimize the most general Higgs po-
tential including ¢;, i=1,2,3,4 is an horrendous task.
What we have done is to study the Higgs potential for
each step of the symmetry breaking in isolation. We
presented in Sec. IIT our results for the first three steps.
We present here the results obtained for the last step of
the breaking. Corrections to the results presented in this
section are expected to be of order (M, /My )* and small-
er [13].

The most general ¢, potential, Z; symmetric, with the
discrete symmetry ¢ <> —d, is
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V(p)=Z;3[ady(6,1,6)$4(6,1,6)+b,(6,1,6)h,(6,1,6),(6,1,6),(6,1,6)
+¢04(6,1,6)4,(6,1,6)$,(6,1,6)$,(6,1,6)+d $,(6,1,6)$,(6,1,6)¢,(6,6,1)¢,(6,6,1)] , (16)

where a,b,c, and d are real arbitrary parameters. When
we substitute the 36 parameters of {¢,) in V(¢,) and
differentiate it with respect to each one of them we get,
for an extreme, 36 simultaneous equations. Our analysis
showed that (1) {$,(6,1,6) )70 only if

IK i |=1K;3|=|Ks [=|K ;| =K
=|Ks|=|Ks|=IK3s|=|Kss|=Kp| ,
and
|K 3| =K 4| = 1K 36| = K 4o | = K 44
=Kyl =K | =|Kes| =|K g6l =Kyl ,
(2) (¢,4(6,6,1))70 only if
1K= K56 | = K| = K| = K| =K | = K|,
and (3) ($4(1,6,6))70 only if
K| =IKL=IKs| =K =KL =Kl =Kyl ,

where K, ,Ky,Kp,Ky,K15,K35,K55,K5,,K5;, and K&
are functions of a,b,c, and d and they depend upon the
particular direction chosen for the minimum of V(¢,).
For example, in the direction of the minimum where all
the 36 parameters are different from zero we have that

[Kp|=IKy|=V2/31Ks|=V2/3|Ky|=|K,| /3
=|K,,|/3=1V'—2a /(2b+tc+2d) , (17)

where
K, =V KEZ+KE+KS

and

‘Kczi :‘/Klsllz +K'5'32 +K'5'52 .

C. Masses for known fermions
With ¢, the Yukawa-type term can be written
Z3[(6,6,1),4(1,6,6), 14,(6,1,6)
=[4(6,6,1).9(1,6,6); 14,(6,1,6)
+[1(6,1,6),9(6,6,1); 14,(1,6,6)
+[4(1,6,6),4(6,1,6), 164(6,6,1) , (18)
which leads to the following mass terms for fermions.
(1) [#(6,1,6),1(6,6,1), 1{$4(1,6,6))
+[4(1,6,6)1(6,1,6); 1{$4(6,6,1)) .

In the vacuum direction where Ky and K, are
different from zero, and as mentioned at the end of Sec.

f

II B, this term produces mixing of the exotic fermions in
¥(6,1,6); with the ordinary fermions, contributing to the
seesaw [8] and universal seesaw mechanisms [9] for neu-
tral and charged leptons. These terms are thus responsi-
ble for lowering the known lepton masses compared with
the quark masses.

(2) [¥(6,6,1)1(1,6,6)1( $,(6,1,6)).

In the vacuum direction where K, and K  are
different from zero, this term produces four 3X3 mass
matrices for ordinary fermions: one for the up quarks,
one for the down quarks, one for the known charged lep-
tons and one for known neutral leptons. Each one of
those matrices is of the form

111
My=C|1 1 1], (19)
111

where C is a constant proportional to K, for the up
quark and neutrino sectors and to K, for the down quark
and charged lepton sectors. These matrices are BCS-
(flavor-democracy-)type mass matrices [14], which are
rank one, with the only eigenvalue different from zero as-
sociated with the eigenvector (1,1,1)/V'3. We identify
those states as the particles in the third family. In this
way we have a conspicuous realization of the horizontal
survival hypothesis [15] built in a natural way in the con-
text of this model. As we know, BCS (flavor-democracy)
mass matrices for elementary fermions are a very sound
starting point for solving the flavor problem [16]. Notice
that using different Yukawa couplings 4;, i =1,2,3,4 for
each Higgs sector ¢; does not change the form of matrix
(19), which depends only upon 4,.

It seems to us that the vacuum direction where all the
36 parameters K;;, K/}, and K|} are different from zero is
not the direction chosen by nature. It is more likely that
nature has chosen the vacuum direction where K, =0
and the other 27 parameters are different from zero (with
the appropriate constraints). If this is the case, then we
have the following scenario (which we call the modify
horizontal survival hypothesis).

(1) At the tree level only the ¢ quark and v, get masses
via BCS-(flavor-democracy-)type mass matrices.

(2) The 7 lepton gets its mass at the tree level via a
universal seesaw mechanism [9].

(3) The smallness mass of the v, neutrino is explained
by the double seesaw mechanism produced by {¢;+¢,).

(4) All the other fermions get their masses as radiative
corrections [17].

V. CONCLUSIONS

We have presented here a model based upon a simple
gauge group which unifies flavors and nongravitational
forces. This model has several notorious advantages with



44 UNIFICATION OF FORCES AND FLAVORS FOR THREE FAMILIES

respect to other family GUT’s such as SO(18),Eg4: name-
ly, it contains exactly three families of quarks and lep-
tons; it does not include unwanted mirror fermions, etc.
The exotic leptons introduced in order to have an
anomaly-free model are vectorlike representations with
respect to the SM, so, according to the survival hy-
pothesis [12] they are very massive; they also mix natu-
rally with the known leptons producing seesaw and
universal seesaw mechanisms, two features used frequent-
ly in the literature in order to explain the hierarchical
spectrum of masses of the known elementary fermions.

To show that this model is a realistic one there is still
much tedious work to be done, such as a more careful
analysis of the Higgs potential, the calculation of the ra-
diative masses for the tree-level massless fermions, the
calculation of the different mass scales via
renormalization-group equations, the calculation of the
mixing angles, the calculation of the strength of the dou-
ble seesaw mechanism for v, etc. Our feeling is that
those calculations deserve a try and that most of them are
simpler than similar calculations in other family GUT
models, due to the fact that our model is more economi-
cal than their competitors as far as the number of fer-
mions and gauge bosons are concerned.

As we have discussed in the main text, our model in-
cludes in a natural way features such as the survival hy-
pothesis, the seesaw and universal seesaw mechanisms,
and the horizontal survival hypothesis (or alternatively
the modified horizontal survival hypothesis).

It is also obvious in our model that the gauge bosons
are either quark even or quark odd; therefore, they have
well-defined values of baryon number (B) and lepton
number (L). Thus, proton decay is absent at the tree lev-
el in the gauge sector due to the absence of gauge bosons
lighter than the proton. So, our model may fit a lower
GUT scale (M << 10" GeV’s) than most of the popular
GUT models. This fact may have important conse-
quences for the upcoming Superconducting Super Collid-
er.

Even if our model is not fully realistic, there are still
many alternatives of it worth being explored and that
may contain realistic physics. We note a few examples.

(i) It could happen that the vacuum in this model is
aligned in the direction where all the 36 parameters in
(¢,) are different from zero. Then the BCS (flavor-
democracy) mass matrices generates the horizontal sur-
vival hypothesis for the third family with masses of the
order of a few GeV’s for the fermions. Then the largest
mass for the ¢ quark must find an explanation outside the
context of GUT’s of flavors and forces.

(ii) It could happen that the final stage of the symmetry
breaking is achieved by Higgs scalars which do not cou-
ple to fermions via Yukawa-type terms [the simplest of
them being ¢s=2Z;¢5(6,6,1)]. In this approach the pro-
ton is completely stable because its decay is also absent in
the Higgs sector. Then masses for the known fermions
should be generated as radiative corrections. Again the
largest mass for the ¢ quark must find an explanation out-
side the model.

(iii) Last but not least, it may happen that the final step
of the symmetry breaking is not accomplished by Higgs
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M; M, M

(a) (b)

FIG. 1. One-loop diagrams contributing to the mass matrices
of ordinary fermions.

scalars but it is dynamically in its origin. If such is the
case then masses for ordinary fermions are generated by
the radiative corrections of the extended technicolor
forces due to the vacuum condensates (in this model con-
densates with the exotic leptons are available).

To conclude let us say a few words about the radiative
corrections produced by the gauge bosons.

The one-loop diagrams contributing to the radiative
quark and lepton masses of known particles are depicted
in Figs. 1(a) and 1(b). In those diagrams the wavy line
refers to a heavy gauge boson, the internal double line to
an exotic superheavy lepton, the symbol ® stands for a
mixing of the gauge bosons or exotic leptons, the symbol
X stands for a mass insertion, and the external lines are
related to ordinary quarks and leptons.

The mixing between the superheavy particles makes
both diagrams finite and one gets the following contribu-
tion to the ordinary fermion masses:

dm=P[M?/(M}—M3})In(M, /M)
—M3/(M2—M?3)In(M,/M,)], (20)

where the meaning of the masses M,M,, and M; is as
depicted in the diagrams 1(a) and 1(b), P is a propor-
tionality constant of the order of M; for diagram 1(a)
times the mixing present in ® and of the order of
v'M M, for diagram 1(b) times the mixing. Such a mix-
ing is always a function of Ky and K.

The mass matrices generated by the first-order radia-
tive corrections for a particular sector are of the BCS
(flavor-democracy) type. In this way, radiative masses
are generated in a cascade way [18].
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APPENDIX A

In this short appendix we show how the three-family
extension of the Pati-Salam model [5] rests heavily on the
existence of mirror fermions, and calculate in a simple
way the Weinberg angle for such a model. Our aim is to
point out the differences between the Pati-Salam-type
models and our model and to point to the origin of those
differences.

The gauge group for the three-family extension of the
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Pati-Salam model is

=SU(6),®SU(6)x@SU(6); @SU(6)cg XZ4

The known fermions are then included in

P (72)=11(6,1,6,1)+45(1,6,1,6) .

As far as the particle content of ¢'(72) is concerned it
is  equivalent to the particle content of
¥(6,6,1)+(1,6,6) in Egs. (6) and (7). It is clear that
¥'(72) is not anomaly-free; neither is it an irrep of G’ (it
is not Z, symmetric). The corresponding irrep of G’ is

¢’(144)=Z4¢’(5,1,6,1)
=11(6,1,6,1)+15(1,6,1,6)+14(6,1,6,1)

+,(1,6,1,6) .

Trivially ¢'(144) is free of anomalies. Also ¥;+1, are
nothing else but the mirror fermions of ¥ + 5.

Now to calculate the Weinberg angle for G’ we should
calculate the traces for y#(144) and plug them into Eq.
(8). But as far as the calculation of the Weinberg angle is
concerned, it is simpler to use ¥'(72) instead of ¥’'(144),
due to the fact that the contribution of the mirror fer-
mions Y3+, to Eq. (8) amounts only to a factor of 2 in
the numerator and another factor of 2 in the denominator
which therefore cancel out. When we apply Eq. (8) to
Y+ [or equivalently to #(6,6,1)+1(1,6,6)] we get

GALEANA, MARTINEZ, PONCE, AND ZEPEDA 44

APPENDIX B

In this appendix we derive g,; and g,z in terms of g.
Also the photon field A# is calculated as a function of
w0, WO, and Bé}’o _,, the gauge boson associated with

the hypercharge Y 5 _;,. As a by-product of this calcula-
tion the Weinberg angle shows up, and B{°, the gauge
boson of the Glashow-Weinberg-Salam (GWS) model
[19], emerges immediately.

The covariant derivative for this model is given by

(D,)5:55 =58583859,
+ig838 7 ( AL-Ap g +igd385( AS-A )G
+ig8385( AR-AR)j , (B1)

where A{;, AS, Aﬁ are the gauge bosons, and A;,A ., and
Ay are the generators associated with SU(6), ,SU(6),, and
SU(6)g, respectively [in particular Aff-Ac is the 6 X 6 ma-
trix presented in Eq. (3)].

For the analysis that concern us here it is enough to
consider only the following seven gauge fields, out of the
108  contained in G: W W W W,
W, x> Wp g,and Bg;;gm

The conventions and normalization conditions stated
in the main text imply that we may write

L (wEve) w3

L, —_— - J—
WAL= 5 \wy VB — W2 V(6

I, . (B2)
WR.Ag can be written in a similar way with the replace-
ment L —R. Finally, from Eq. (3) we read

123 . = 1 —_ —
sin?0,,(M)=9/28 as was obtained in a different way in BYs_nAc B?(BAL)dxag(l,l,l, 3,3,-3)/V(60) .
Ref. [5]. (B3)
J
The interaction Lagrangian of the fermions in ¥(108) with the gauge bosons is given by
Z39(6,6,1)D, 7" (6,6,1)= [¢(_6-,6,1)(B‘,‘,(37L)~AC )y, (6,6,1)7
—zZ(’é,é,l)T(W{;-AL) “(6,6,1)+9(1,6,6)(Wr- ARy 9’(1,6,6)
— 701 % T, L.ALY T
¥(1,6,6)" (BY Yes—1) Ay (1, 6,6)+1(6,1,6) W -A%)yHdle, 1, 6)
—9(6,1,6)T(WR-AR)yh(6,1,6)+ -+ - ], (B4)

where the minus signs inside the brackets are due to the fact that, in those terms, the covariant derivative acts upon the
complex-conjugate fundamental irrep (instead of the fundamental one).
Using (when necessary) the identity ¥7 v €5 = —E&rv*Xr, We extract from the former Lagrangian the following

terms.
(1) The interaction Lagrangian which contains W, is

—_8 -
L;{i/i - ‘/‘6‘ W,u,L 2 2 q; al/SyquZ(/zl’%L

i=la=1

3
2 ?’#E LT, VHTaL—i_LaLV'uL )

+H.c.4 - z—%W;JngH.c. ,  (BY)

where a is the color index (three hadronic and three leptomc colors), and i is a flavor index. Since G includes
SU(2); ®U(1)y, the GWS gauge group, then L wt 8L W J; /V2+H.c., where g,; is the gauge coupling constant for

SU(2);. Then we read immediately g,;

=g/ 1/3 as stated in the main text.
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The left-right symmetry of the model implies, in the same way, g, =8/ V3.
(2) The Lagrangian which contains the coupling of W} ; and ng _,to the neutral fermions is

3 WL
Lll\)/’s =8 2 ‘/1; a,LV”Lg,L_Ea,Ly#Eg,L —Ta,L‘V'uTg,L )

O

\/12 (SgLV#S zoz,LV'qu,L _IV(IL—?’HNSL,L)
Y(B -L)’ —0
-3 ‘/6 (La LV“LO —E YMEO - Ta,Lnyg,L

+80 v L —Fo Ly'FY L —NQ Ly*NO L) [+ - . (B6)

According to Eq. (5) the photon field 4* must be written as A“=a1WB’“+a2W,‘§"‘+a3B§);(‘;7U. Since it is obvious

that L., does not contain 4#, then we must have that a;=a,=3a,;/V'5, with |a,;|=3/v23 in order to have the ap-
propriate normalization. Then the photon field is, up to a phase factor,

3 \/SB

Ar=
V23

WoH+ Wyt + (B7)

Y(B -L) J )
Since A*=sinOy W+ +cosOy, BYy* we immediately read that sin’0y,, =9/23 as calculated in a different way in the
main text. Also we have that

—=BY* (B8)

3 (B—L)

is the gauge boson associated with the hypercharge of the GWS model.

APPENDIX C

In this appendix we carry out explicitly the algebra involved in the breaking of SU(2)R®U(1)Y(87L) down to U(l)y
arising from (¢,). What we pretend here is to give an example of the kind of algebra implicit in Sec. III. As a bonus
we obtain again B{° in a different way. Contrary to the rest of the paper where most of the tensor indices and the
traces are implicit, we display here all of them.

We are interested in calculating tr(D*{¢;))'(D «(#3)), where D* is the covariant derivative defined in (B1) and ¢; is
defined in Eq. (11). Notice that {$;) has four tensor indices, i.e.: {¢;)* (4 B] Then,

tr(D*($;))(D,($;))=g [~<¢3>M (KDF— () [0 AN KL+ KD [ A+ (KDE(D3) 10 0]]
X[(KEIF( ) OF) + (KR P10 — <¢3)"‘B(A“ A SO (C1)

where A;= Ag-Ac and Af = Aﬁ-A r and summation over all the indices is understood. There are three different types
of terms 7 in (C1): namely,

Ty =g — (s )2 A KDE— (810 AN KDL KD 810 + (KL S3d %) ]

By [ 4,B)
=12g°MZ [tr(M, K¥ KSM ) +tr(M | KM, K0T, (C2)
where we summed over 4,B such that [ 4,B]=—[B, A]=[2,4]=[2,6]=[4,6], and M, is the matrix
000 0 00O
000 0O 00
000 0O 00O
Mi=1%00 0 01| (C3)
000 O 00
000 —100
T, =g (Kb [0 A+ (KD5 (b 2N — (b)) [%0L (&) — (b)) [FAN KRG ]
=4g M [tr(M, K KXM,)+tr(M, K%M, K51, (C4)

where we summed over a,f3 such that [a,8]=[4,6]= —[6,4], and M, is the matrix
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0O 0 0 0 0O
0O 0 0 1 01
0O 0 0 0 00O
M=o —10 0 01}’ (€5
0 0 0 0 0O
0O —10 —1 00
and
—g2[ (@Y1 AN KB+ (650 P A KEIIT () 1P KI5 (65D ) A ) 1+ He.
——4g2[ AC-A i+ (AS-AS]tr(M, K M,)+H.c.
BY ©n B
S PRGNt VR G W VT YR WR T Cc6
g V60 V40 \/24 r(M, £ M;)+ H.c. (C6)
[
where again we have summed over From Egs. (C7) and (C8) it is also simple to calculate

[a,B]=[4,6]=—[6,4], the antisymmetry of M, was
used and the diagonal elements in Eq. (3) have been writ-
ten down explicitly.

The next step is to evaluate the traces in 7,T,, and
T5;. The general result is not very illuminating; so let us
work in the approximation M =M'>>Mp(>>M; ), and
concentrate only on the terms which include W§*, WaH,

and Bﬁzgiu Using (B2) with the replacement L —R,
and (B3), we write
3 Mig® | o, 9
3 n=—8 WR Wi Wy + 3By
3
V3 WRBYB L
~3_BY WY (e
v5 Ye-n R :

Neglecting mixing with extra (heavy) gauge bosons, we
may write the followmg mass matrix for the neutral
fields, in the basis (W3,B ):

Y(B L
. 8Mig’ 1 =35 8
va2  |=3/Vv'5 9/5

which has eigenvalues 0 and — 56\/§M§g2/5. The eigen-
vector associated with the eigenvalue zero is

3 \/5

BoOr=_2

B"“
V14

BL)

WH+ , (C9)

which is nothing else but the gauge boson associated with
the hypercharge of the GWS model (not broken by {5 ))
obtained in a different way than in Appendix B.

Mp=14(6,6,1)F Cy(6,6,1

+1(1,6,6)7 Cy(1,6,6);

)[Ry {,(1,15,15)) +hy{ $5(1,15,15)) ]

M’ 28 cos’0
== (C10)
Mipr 5 cos20y,

as it should be [20], since the mass terms produced by
($3) are of the AT, =1 type.

Finally let us say that the conclusions in this appendix
are independent of the way we orient the vacuum at this
particular stage of the symmetry breaking. For ex-

ample, if  we orient (¢3) such that
(%([a,b],l,_&B]))=(¢3([a,b ]7[‘1,3]?1)):0’ and

(¢5(1,[4,6],[4,6]))
T =4g>MR [tr(M, K¥ KCM ) +tr(M, KEM, XS],

=My, our results read

(C11)

T =4g’My[tr(M | Ky KEM ) +tr(M, KM, K0,
(C12)
T, =g |24 BY‘(j_G‘_g”“ +4 i” L1 g 6/24 tr(M, KL M,)
+H.c. (C13)
And  after  evaluating the traces we  get

S} T/=(33}_,T;)/3; and M'?=M?/3, without chang-
ing the results (C9) and (C10).

APPENDIX D

In this appendix we show how the known leptons ap-
pear as linear combinations of the leptons in
1(6,6,1); +1(1,6,6); and how the exotic leptons in the
same representation gain masses in the way predicted by
the survival hypothesis.

According to Eq. (12) we want to calculate

) [ (,(15,15,1)) +h,{$5(15,15,1)) ]
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under the assumptions {¢,) =M, {($,) =M, and h; ~h,~1. In (D1) C=—CT is the charge-conjugation operator.
When we calculate the traces implicit in (D1) for the directions of the VEV’s described in Egs. (9) and (10) we get

M =Mhn(LS"CcT; —L{’cTy, —L{{’CTs, +T5;"CL;, —T§;"CL{, —T{;"CL;,)
+M'hy (LS} TCE;  +L{}"CE +L{}"CE;  +E{{’CL  +ES;"CL;  +E{;"CL; )+H.c. (D2)

The 18X18 mass matrix for the charged fermions in the basis (E; ,E, ,E; ,L;,L, ,L;,T{,T;,T73,
Ef,Ef ,Ef,L{, LY, Ly, T, T, T )is of the form
Ogxg Moy

Mch: r
M9>(9 O9X9

> (D3)

where gy g is the zero 9X 9 matrix, and My, is the matrix

000 » 0 0 0 0 O
000 0O 0OV 0 0 0
0O 00 0OV 0 0 0 0
¥V 0 0 0 0 0 0 0 —V
Myyo=10 0 » 0 0 0 O ¥V 0 |, (D4)
OV 0 0 0 0 —VO0 0
0 00 0O 0 -V 0 0 0
0O 00 0O V¥ 0 0 0 0
0 00 —-V0O 0 0 0 0

with ¥=Mh, and V'=M'h,. We have to diagonalize (M °")?, but since (D4) is by assumption a real matrix, we can di-
agonalize the 9 X9 matrix (Mgy,)? instead of the 18 X 18 matrix (M°")2. The algebra shows the following.

(1) (Mg )?* is a rank six matrix, so it has three eigenvalues equal to zero.

(2) The only eigenvalue different from zero is (¥2+ ¥"2) which is six times degenerate.

(3) The three eigenvectors associated with the zero eigenvalues are (VE,+V'T3)/v,(VE;—V'T,)/v, and
(VE,+V'T,)/v; with v=V V2+V’2  As stated in the main text these states define a basis for the physical states
(e,u,T).

(4) The six eigenvectors associated with the nonzero eigenvalue are (V'E,xvL,—VT;)/ V2u;
(V'E,tvL,—VT,)/V2v;(V'E;+vL,+VT,)/V2v. Since these states are degenerate they are not necessarily the phys-
ical states. The physical states are appropriate linear combinations of them. In accord with the survival hypothesis we
take as the physical states: L,,L,,L;,(V'E,—VT;)/v,(V'E,—VT,)/vand (V'E;+VT,)/v. Now using the previous
arguments we reorganize M" in the following way:

V'E T, —VT5 V'E,, +VT; V'E;, —VTT
M;;:vh:l) LIFtTC l,LU 3,L +L2+}‘TC 3,L 2,L +L;—tTC 2,Lv 1,L
L O L O Ly O
(VE}, —vri )T (VEf, +vTH )T (VES, —vT{, )T
+ I’Lv L cLi,+ “v 2L cLy,+ Z’Lv tLcLy, [+H.c. (D5)

Notice in (D5) that the first three mass terms include only spinors in 1(6,6,1); and the last three terms include only
spinors in ¥(1,6,6); . But all the terms are Al =0 Dirac mass terms as they should be, since SU(2); is not broken by
(#,)+(¢,). As mentioned in the main text this is how the survival hypothesis enters in the context of this specific
model.

For the neutral states we choose the basis (E{,ES,EY,59,89,89,1%,19,1%,F,F3,F},L9,LY,L},N},NJ,N9). In
this basis the mass matrices for the neutral fermions are identical to (D3) and (D4) and similar conclusions follow.

[1] P. Langacker, Commun. Nucl. Part. Phys. 1, 19 (1989). Third Mexican School, Oaxtepec, Mexico, 1988, edited by
[2] Mark II Collaboration, G. S. Abrams et al., Phys. Rev. J. L. Lucio and A. Zepeda (World Scientific, Singapore,
Lett. 63, 2173 (1989); L3 Collaboration, B. Adeva et al., 1989), pp. 90—-129; W. A. Ponce and A. Zepeda, CINVES-
Phys. Lett. B 231, 509 (1989); ALEPH Collaboration, D. TAY report, 1991 (unpublished).
Decamp et al., ibid. 231, 519 (1989); OPAL Collaboration, [4]J. C. Pati and A. Salam, Phys. Rev. D 10, 275 (1974).
M. Z. Akrawy et al., ibid. 231, 530 (1989); DELPHI Colla- [5] V. Elias and S. Rajpoot, Phys. Rev. D 20, 2445 (1979).
boration, P. Aarnio et al., ibid. 231, 539 (1989). [6] A. H. Galeana, R. E. Martinez, W. A. Ponce, and A.

[3] W. A. Ponce, in Particles and Fields, Proceedings of the Zepeda, CINVESTAY report, 1990 (unpublished).



2178 GALEANA, MARTINEZ, PONCE, AND ZEPEDA 44

[7] A special maximal subgroup of a simple group G is one for
which its rank is smaller than the rank of G. See, for ex-
ample, R. Slansky, Phys. Rep. 79, 1 (1981); M. Gell-Mann,
P. Ramond, and R. Slansky, Rev. Mod. Phys. 50, 721
(1978).

[8] M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravi-
ty, edited by P. van Nieuwenhuizen and D. Z. Freedman
(North-Holland, Amsterdam, 1979), p. 315; T. Yanagida,
in Proceedings of the Workshop on Unified Theory and
Baryon Number in the Universe, Tsukuba, Japan, 1979,
edited by A. Sawada and A. Sugamoto (KEK Report No.
79-18, Tsukuba, Japan, 1979).

[9] A. Davidson and K. C. Wali, Phys. Rev. Lett. 59, 393
(1987); S. Rajpoot, Phys. Rev. D 36, 1479 (1987).

[10] H. Georgi, H. R. Quinn, and S. Weinberg, Phys. Rev.
Lett. 33, 451 (1974).

[11] SP(6) as a family group has been used in T. K. Kuo and N.
Nakagawa, Phys. Rev. D 30, 2011 (1984); 31, 1161 (1985).

[12] H. Georgi, Nucl. Phys. B156, 126 (1979); R. Barbieri and
D. V. Nanopoulos, Phys. Lett. 91B, 369 (1980).

[13] A.J. Buras et al., Nucl. Phys. B135, 66 (1978).

[14] H. Fritzsch, in Heavy Flavours, Proceedings of the Confer-

ence, San Miniato, 1987, edited by F.-L. Navarria [Nucl.
Phys. B (Proc. Suppl.) 1B, 447 (1988)]; P. Kaus and S.
Meshkov, Mod. Phys. Lett. A 3, 1251 (1988).

[15] R. Barbieri and D. V. Nanopoulos, Phys. Lett. 91B, 369
(1980); 95B, 43 (1980).

[16] M. Tanimoto, Phys. Rev. D 41, 1586 (1990); K. S. Babu
and R. N. Mohapatra, Phys. Rev. Lett. 64, 2747 (1990).

[17] L. E. Ibatiez, Nucl. Phys. B193, 317 (1981); D. V. Nano-
poulos, in Grand Unified Theories and Related Topics,
Proceedings of the 4th Kyoto Summer Institute, Kyoto,
Japan, 1981, edited by M. Konuma and T. Maskawa
(World Scientific, Singapore, 1981), pp. 5-63.

[18] B. S. Balakrishna, Phys. Rev. Lett. 60, 1602 (1988); B. S.
Balakrishna, A. L. Kogan, and R. N. Mohapatra, Phys.
Lett. B 205, 345 (1988).

[19] S. L. Glashow, Nucl. Phys. 22, 579 (1961); S. Weinberg,
Phys. Rev. Lett. 19, 1264 (1967); A. Salam, in Elementary
Particle Theory: Relativistic Groups and Analyticity (Nobel
Symposium No. 8), edited by N. Svartholm (Almqvist and
Wiksell, Stockholm, 1968), p. 367.

[20] R. N. Mohapatra, in Unification and Supersymmetry
(Springer-Verlag, New York, 1986), p. 119.



